We combine statistical arguments and dynamical analysis to study the orbital configuration of the microlensing planetary system OGLE-2012-BLG-0026L. This system is known to host two massive planets, with both projected close to the Eintein ring at the time of the detection. Assuming an isotropic distribution for the orbital orientation, we find that the two planets should also be closely spaced in three-dimensional space and that the ratio of their orbital periods is almost certainly less than two. With N-body numerical integrations, we then identify two types of stable configurations: the two planets can be in first-order mean-motion resonances (MMRs) and have significant ( 0.1) eccentricities, or they stay out of MMRs and have nearly circular orbits. The latter is disfavored, given the absence of similar planet pairs in radial velocity (RV) observations as well as the theoretical difficulties in forming such a configuration. Therefore, the two massive planets in OGLE-2012-BLG-0026L are likely in a resonance configuration. Our work shows that the microlensing technique, which usually only measures the projected configurations, can also probe the detailed dynamical state of multi-planet systems. We also discuss theoretical implications of measuring the multiplicity and the orbital architecture of cold planets.
INTRODUCTION
Gravitational microlensing can detect planetary-mass objects around stars through their perturbations on the otherwise smooth and simple Paczynski (1986) light curves (Mao & Paczynski 1991; Gould & Loeb 1992 ). This technique is most sensitive to planets close to the Einstein ring, corresponding to ∼3 au separation for typical Galactic events (see recent reviews by Mao 2012 and Gaudi 2012) . Although such a feature makes it efficient in probing the cold planet population, it does place challenge in obtaining orbital information of the detected planets, as their orbital periods (∼10 yr) are much longer than the duration of the microlensing event (∼30 days). Consequently, for the majority of microlensing planets only the instantaneously projected separations between the planets and their hosts are constrained (Gaudi & Gould 1997) .
Traditionally, there are three ways to constrain the actual three-dimensional configuration of the microlensing planetary system, but they are individually challenging and only apply to rare events. In principle, one can try to measure the radial velocities (RV) of the host star (see Yee et al. 2016 for a successful application in the binary star case). However, this requires the host star to be relatively bright and the planet to be fairly massive. If the planetary perturbation in the microlensing light curve persists for a significant fraction ( 10%) of the orbital period, then it becomes possible to constrain the full orbit (Ryu et al. 2018) . If the planet imposes prominent features (i.e., caustic crossing) in the light curve, from which its locations at certain epochs can be precisely determined, then a much shorter perturbation can still provide meaningful constraints on the full orbit (Gaudi et al. 2008; Bennett et al. 2010) . These latter two scenarios require special conditions, and thus they are not generally applicable.
The orbits of planets in multi-planet systems are of special interest, as they provide information on the formation and evolution of these systems. For such systems, stability analysis offers another route in constrain-ing their orbits. A similar idea has been massively applied in the multi-planet systems found by other techniques, including radial velocity (e.g., Vogt et al. 2005; Lee et al. 2006) , transit (e.g., Lissauer et al. 2011; Fabrycky et al. 2014; Tamayo et al. 2016) , and direct imaging (Fabrycky & Murray-Clay 2010; Wang et al. 2018) . In particular, the direct imaging technique commonly measures the projected positions of planets, which makes it similar to microlensing. Fabrycky & Murray-Clay (2010) applied the stability analysis to the directly imaged multi-planet system HR 8799 (Marois et al. 2008) , and found that, in order to keep the system long-term stable, the three planets should likely be in a double resonance configuration. Compared to direct imaging, which infers the planetary mass from measured flux, microlensing directly yields the planet-to-star mass ratio, which is more relevant for the dynamical analysis.
In this paper, we perform the dynamical analysis of a two-planet system detected via microlensing, OGLE-2012-BLG-0026L (hereafter OB120026L; Han et al. 2013 ). We first summarize the known properties of this system in Section 2. Then, in Section 3, we constrain the orbital orientation of this system. In Section 4 we perform N-body simulations to determine the long-term stable configurations and, based on theoretical reasonings and supporting evidence from known systems, we argue that the two planets in OB120026 are likely in one of the mean-motion resonances (MMRs). Finally, in Section 5, we discuss the implications from this particular system to future microlensing detections and the general demographics of exoplanets.
KNOWN PROPERTIES OF OB120026L
OB120026L is known to host two planets with planetto-star mass ratios and projected separations from the host star (in units of Einstein ring radius r E ) q 1 = 1.3 × 10 −4 , r ⊥,1 = 0.96 or 1.03; q 2 = 7.9 × 10 −4 , r ⊥,2 = 0.81 or 1.25;
respectively. Furthermore, the opening angle between the two planets is 137
• (Han et al. 2013) . The ambiguities in r ⊥ values come from the close-wide degeneracy (Griest & Safizadeh 1998) , as both planets were detected through their central caustic perturbations. Even so, the ratio of projected separations differs by < 30% for all four solutions, corresponding to a period ratio < 1.5 if the actual semi-major axes are proportional to the projected separations. The fact that the two planets are not aligned (or anti-aligned) with respect to the central star also suggests that the orbital plane cannot be highly inclined, a property we will use to constrain the orbital orientation in Section 3.
For demonstration purposes, in the paper we only address one of the four microlensing models, namely model (B) of Han et al. (2013) . This model has r ⊥,1 = 1.03 and r ⊥,2 = 0.81, and thus the separation ratio (r ⊥,out /r ⊥,in = 1.26) is the second largest among the four models. We provide in Appendix A the results from using the other three solutions.
Although the dynamical analysis is mostly determined by the well constrained mass ratios, we notice that this system also has a well constrained stellar mass. The mass of OB120026L host star was measured to be 1.06 ± 0.05 M , by combining the lens flux and finite source effect measurements (Beaulieu et al. 2016) . This makes it a planetary system with a Sun-like host, which is not common for Galactic microlenses (e.g., Zhu et al. 2017) . The masses of the two planets are therefore M 1 = 0.15 M J and M 2 = 0.86 M J , respectively, and the Einstein ring radius r E = 4 au. The well determined physical properties of this system make it possible to connect with known exoplanet demographics around Sun-like stars, as we will discuss in Section 5.
ORBITAL ORIENTATION OF OB120026L
We first consider the orbital orientation of the system and its impact on the orbital spacing. We use (x, y, z) and (x , y , z ) for the coordinates of one planet on the sky-projected plane and in the orbital plane, respectively. These coordinates can be related via the orbital inclination i and longitude of ascending node Ω
In both coordinate systems, the origins are defined at the location of the host. We also define the z-axis to be the direction toward the observer, the x-axis to be the direction toward the projected position of the lowermass planet (see Figure 2 of Han et al. 2013) , and the z -axis to be the direction perpendicular to the orbital plane. Since the values (x, y) are known and z = 0 for both planets, we can therefore write
For simplicity, we further assume that the two planets have coplanar and circular orbits. Deviations from this assumption will be discussed at the end of this section. For a given combination of i and Ω, we can solve for the z coordinate according to Equation (3) and thus determine the full configuration of the two planets.
We randomly choose i from an isotropic distribution (∝ sin i) and Ω from a uniform distribution between 0 and 2π, and we compute the likelihood (or weight) of the given (i, Ω) combination as follows. First, we determine the semi-major axes of both planets from the derived positions, and we then decide whether the system is stable or not according to the following stability criterion (Deck et al. 2013 )
Here the subscripts "in" and "out" denote the quantities of the inner and the outer planets, respectively. For the OB120026L planets, this criterion corresponds to a minimum period ratio of 1.3. For the stable configurations, we then compute the probability to see the projected positions at a random epoch. This is done by varying the orbital phases of both planets in their orbits and taking the fraction of points that have projected separations which fall within 10% of the observed values. We perform the above analysis for the selected solution and show the likelihood distributions of the inclination and the period ratio in Figure 1 . The inclination distribution peaks at around 20
• . Smaller inclination values are less likely because of the stability requirement (Equation (4)) and the a priori inclination distribution (∝ sin i). Larger inclinations are also less likely because of the decreasing probability to reproduce the observed configuration. The resulting period ratio distribution peaks at the value if the system were face-on, with a cut-off at 1.3, given by the stability criterion, and a tail toward larger period ratios.
The two planets do not necessarily lie on the same orbital plane, and the mutual inclination between the two planets also affects the deprojection. To isolate this effect, we assume one planet to be face-on and vary the orbital orientation of the other planet according to a Rayleigh distribution with 5
• dispersion. The resulting period ratio distributions are also shown on the right panel of Figure 1 . As the orbit of the apparently inner planet (planet 2) is inclined, the period ratio becomes even smaller than that derived from the projected separation ratio, unless the mutual inclination is
• when the apparently inner planet becomes the outer one. Such large mutual inclinations are very rare. Similarly, inclining the orbit of the apparently outer planet (planet 1) would increase the period ratio, but unless the outer planet is significantly inclined, the period ratio derived from the projected separations serves as a reasonably good approximation of the actual period ratio.
Here we investigate the impact of orbital eccentricites. Because the two planets are closely spaced, mean motion resonances (MMRs), which are not captured by the analytic stability criterion, make a non-negligible contribution to all stable configurations. Therefore, we use N-body numerical integrations to determine the stability of any given configuration. These are done with the REBOUND (Rein & Liu 2012) code with the WHFast integrator (Rein & Tamayo 2015) , which is a fast and accurate implementation of the Wisdom & Holman (1991) symplectic algorithm.
We further assume that the planetary system is faceon (i = 0). Because the spacing between two planets, which is most relevant for this dynamical analysis, is very small even when different orientations of the orbital plane are taken into account (see Section 3), our result below is not affected by the choice of this initial condition.
In principle, the two detected planets can both have eccentric orbits, but we consider eccentric orbits for two planets separately and assume initially circular orbit for the other planet. In each case, we run 10 5 simulations. The initial state of the planet in a circular orbit is fully determined by the known (x, y) positions. For the eccentric orbit, we first randomly choose eccentricity e uniformly between 0 and 0.5 and mean anomaly l uniformly between 0 and 2π, and then solve Kepler's equation for eccentric anomaly E. Together with the known (x, y) coordinates, these parameters yield the semi-major axis a and the argument of periapsis ω, and thus the initial state of this eccentric planet is also fully determined. For each simulation, we run up to 3000 orbits of the longer-period planet, with a step size of one 100th of the smaller orbital period. To distinguish between regular and chaotic orbits, we use the Mean Exponential Growth of Nearby Orbits (MEGNO) chaos indicator (Cincotta et al. 2003) built into REBOUND and use MEGNO=2 as the threshold. The system is also determined to be unstable if either of the planets is too far (> 20 au) away from or too close (< 0.01 au) to the central star. This last criterion is introduced in order to make the computations more efficient. Coplanar, inclined P1 misaligned P2 misaligned Figure 1 . Posterior distributions of the orbital inclination (left panel) and the period ratio (right panel). In the default scenario (black curves), we assume a coplanar system, and thus it is characterized by a single inclination parameter. In the right panel we also plot the period ratio distributions if one of the planets has a misaligned orbit relative to the other. Here "P1" stands for planet 1 (i.e., the apparently outer planet for the selected model) and "P2" for planet 2 (i.e., the apparently inner planet). The vertical dashed line indicates the period ratio for the case that the actual semi-major axis ratio is proportional to the projected separation ratio. We show the relative eccentricities and period ratios of the regular configurations (MEGNO≤ 2) in Figure 2 . Here the relative eccentricity is defined as
where 1 and 2 are the longitudes of periapsis of the two planets, respectively (Hadden & Lithwick 2018) . Given our choices of the initial condition, this is approximately the initial eccentricity of the eccentric planet. As Figure 2 shows, there are two different types of regular configurations regardless of which planet is set eccentric initially: planets have nearly circular (e 0.1) orbits, or planets have significant eccentricities and can be in one of the first-order MMRs. In fact, as seen in Figure 2 , there are regular configurations under which the two planets have crossing orbits, and it is MMR that protects the system from instability.
Although both types of configurations are allowed from the stability point of view, the MMR configurations are preferred once the formation history of such a planet pair is taken into account. Figure 3 shows the selected planet pairs from NASA Exoplanet Archive (Akeson et al. 2013 ). Similar to the two planets in OB120026L, these planets are relatively massive (> 0.15 M J ) and well-separated (P > 100 d) from their hosts. In the period ratio range 1 < P out /P in < 2.2, all planet pairs have period ratios close to commensurabilities, with the majority close to the 2:1 ratio. Dynamical analyses have confirmed the existence of MMRs in all but one case (HD 47366). The host star of HD 47366 is a giant, and thus the dynamics of the planetary system may have been affected as the host evolves.
The lack of giant planet pairs in closely spaced but non-MMR configurations in Figure 3 is also well understood theoretically. When protoplanets grow, orbital repulsion keeps the separation between neighboring planets wider than 5-10 times the mutual Hill radius of the protoplanets (Kokubo & Ida 1998) . Here the mutual Hill radius is given by
For OB120026L, this means that the two planets should start with at least P out /P in > 1.6 and more likely P out /P in > 2.2. The initial orbits are also nearly circular (e < 0.1), due to the interactions between protoplanets and the embedded disk. To produce planet pairs in smaller period ratios, convergent migration is required, and together with eccentricity damping this usually leads to planet pairs trapped in MMRs (Lee & Peale 2002) . It is difficult to form closely spaced massive (Sato et al. 2016; Marshall et al. 2018) . The hosts of HD 33844 and HD 47366 are giant stars, and thus the dynamics of the planetary system may have been affected.
planet pairs that are not in MMRs without fine-tuning the conditions. The above theoretical arguments and the lack of planet pairs outside MMRs in small period ratios in Figure 3 both suggest that the MMR configurations are preferred for the two-planet system OB120026L.
DISCUSSION
We combine statistical arguments and dynamical analysis to study the orbital configuration of the twoplanet system OB120026L that was found through gravitational microlensing (Han et al. 2013 ). The two massive planets, one with 0.86 M J and the other with 0.15 M J (Beaulieu et al. 2016) , were found to be closely spaced in the sky-projected plane, with the ratio of the projected separations < 1.3. Under the reasonable assumptions that the orbital orientation follows an isotropic distribution and that the mutual inclinations are typically small, this observed configuration strongly suggests that the two planets should also be closely spaced in the 3D space, and that the period ratio is unlikely to exceed two (Figure 1) .
We then study the eccentric orbits with numerical integrations and find two types of stable configurations. The two planets can be in MMRs and have significant (e 0.1) eccentricities, or they have nearly circular (e 0.1) orbits and stay out of nominal MMRs. The out-of-MMR configurations are disfavored, given the absence of similar planet pairs from RV observations and the theoretical difficulties in forming such configurations. Therefore, the two massive planets in OB120026L are probably in MMR.
Our work shows that the microlensing technique, which usually only measures the projected configuration, can also probe the detailed dynamical state of the multi-planet system. The two features of OB120026L that are key to our conclusion are that 1) the two planets are well separated azimuthally, and 2) they are both close to the Einstein ring. For a comparison, the first two-planet system, OGLE-2006-BLG-109L, has two planets almost aligned (∼ 13
• ) with the central star and the projected separation ratio ∼ 1.7 (Gaudi et al. 2008; Bennett et al. 2010 ), making our method inapplicable. So is OB120026L-type configuration rare in microlensing detections? The detections of multiple planets in the same system are largely independent (Gaudi et al. 1998; Zhu et al. 2014a,b; Shin et al. 2015) . Hence, it is more likely to detect two-planet systems with both planets close to the Einstein ring, given that microlensing sensitivity is a steep function of the distance from the Einstein ring. Furthermore, there is no obvious preference to any particular azimuthal separation in two-planet detections, as shown in previous simulations (Zhu et al. 2014a) . Therefore, we expect that a significant fraction of future two-planet systems (and likely higher multiples) should have configurations similar to OB120026L, and thus the method we developed here will be generally applicable.
The orbital architecture and occurrence rate of planetary systems like OB120026L, which hosts both a cold Jupiter (q ∼ 10 −3 ) and a cold Neptune (q ∼ 10 −4 ), are important for our better understanding of the planet formation process. Capturing planets into MMRs requires some dissipative migration through interactions with the gas disk or planetesimals (e.g., Lee & Peale 2002) , so the fraction of planet pairs in MMRs is an important proxy for understanding how planetary architectures are set during formation. Ground-based radial velocity surveys reveal that the cold giant planets are very often (∼ 1/3) found in MMRs, consistent with the expectation from migration theory (Goldreich & Tremaine 1980) . By contrast, the Kepler mission found that the close-in small planets do not show a strong preference for MMRs (Lissauer et al. 2011) , suggesting that migration, or at least large scale migration, might not have happened for these planets (Petrovich et al. 2013 ). These two types of planets differ in both mass and orbital separation, and therefore the cold Neptunes that microlensing is sensitive to (Gould et al. 2006) , which have similar separations to the RV cold giants but similar masses to the Kepler super Earths, convey important clues on what drives the different architectures.
It is now known that cold Jupiters are almost certainly accompanied by inner small planets (Zhu & Wu 2018) , but how often do they also have cold Neptune companions? While this question can serve a test of planet formation theories, it is also relevant for understanding the prevalence of the solar system-like architecture. By the end of 2018, there were 35 microlensing planetary systems with q > 4 × 10 −4 listed on NASA Exoplanet Archive (Akeson et al. 2013) , out of which two were two-planet systems with cold Neptunes.
2 If one simply takes the detection efficiency of an additional planet from the simulation (∼ 5%, Zhu et al. 2014a) , these numbers seem to suggest that all cold Jupiters can be accompanied by cold Neptunes. However, the above result has to be taken with caution because of the mismatch between observations and the simulation. Both two-planet systems were detected in high-magnification events that received intensive follow-up observations (e.g., Gould et al. 2010) , whereas the simulation done by Zhu et al. (2014a) assumed an observing strategy with a consistent cadence (10 min) similar to the Korean Microlensing Telescope Network (KMTNet, Kim et al. 2016) . Therefore, more detailed works and larger samples are needed in order to settle this issue.
It is also interesting to notice that the first two multi-planet systems from microlensing both contain one planet with intermediate mass (30 − 100 M ⊕ ): OGLE-2006-BLG-109c has 86 M ⊕ (Bennett et al. 2010) , and OGLE-2012-BLG-0026c has 46 M ⊕ (Beaulieu et al. 2016) .
3 In the standard core accretion scenario (Pollack et al. 1996) , hydrostatic gas accretion can no longer be maintained once the gaseous envelop doubles the planetary core mass (∼ 10 M ⊕ ), and subsequent run-away gas accretion pushes the total mass rapidly to the gas giant regime ( 100 M ⊕ ). Therefore, the population synthesis models based on the core accre-tion theory predicted that planets with masses in the intermediate mass range should be very rare (Ida & Lin 2004; Mordasini et al. 2009 ). This is not supported by microlensing observations, which have found that the transition from Neptune mass to Jupiter mass is rather smooth (Suzuki et al. 2016) . One possibility to reconcile the theory and observations, as suggested by the first two multi-planet systems, is that the multiplicity rate may be higher than model predicts, and that competitions for gas material starve some of the embryos from fully growing into giants. Such a scenario is particularly possible for OB120026L, since in this system the two planets are so closely spaced. Future microlensing studies on the multiplicity rate can confirm whether this explanation stands or not. 
APPENDIX

A. RESULTS FROM OTHER SOLUTIONS
Our main results do not change even when other allowed microlensing solutions are used. Here we show the results from the other three allowed solutions given in Han et al. (2013) . Figure 4 shows the posterior distributions of the orbital inclinations and period ratios. Han et al. (2013) . In this case the inner planet (i.e., planet 2) is more massive, r ⊥,1 = 0.96, and r ⊥,2 = 0.81. The face-on and circular configuration is unstable because the two planets are so closely spaced. Han et al. (2013) . In this case the outer planet (i.e., planet 2) is more massive, r ⊥,1 = 0.96, and r ⊥,2 = 1.26. Han et al. (2013) . In this case the outer planet (i.e., planet 2) is more massive, r ⊥,1 = 1.03, and r ⊥,2 = 1.25.
